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A ~ INVESTIGATIONOFFRETTINGCORROSION.

ByH.H. Uhlig,I.MingFeng,‘-- ‘-
andA.McClellan

w. u. ‘rlerney,

Thisreportsunmari.zesallphasesofan investigationoffretting
corrosionwhichhasbeenconductedovera periodofseveral.years.The
presentationoftheinformationismadeinthee parts.PartI describes
a testmachineformeasuringfrettingdamageundercontrolledexperimental
‘conditions. PartIIpresentsdataformildsteelfrettedagainstitself.
Considerationisgiventotheeffectsofhumidity,temperature,testdura-
tion,atmosphere,relativeslip,pressure,andfrequency.PartIIIsug-
gestsa mechanismforthefrettingprocess.

INTRODUCTION

-e occLIHing at theinter-
rela.tiveslip.Thedamageto

Frettingcorrosionisa typeofmetal
faceoftwocontactingsurfacessubjectto
steelisevidentby debrisformedat theinterface,usuallyredin colw~
accompaniedbypittingofthemetal.”Wnage ofthiskindisa sourceof
uncertaintyintheoperationofallmachiherysubjectto vibration,since
it quicklydestroysclosetolerances,it increasesthesusceptibilityto
fatigue,andthedebrismayclogmovingparts.Hencethepracticalimpor-
tanceof avoidingfrettingcorrosionincreasesasmechanicaldesignscaU
forclosertolerances,higherloads,andhigheroperatingspeeds.Examples
offrettingdsmageareoftenfoundinvariable-pitchpropellers,aircraft
landlngwheels,railroadtieplates,rollershaftsintextilemachinery,
pinsingeartrains,suspensionsprings,connectingrods,electricalcon-
tacts,andjewelbearings.

A studytoreducedmagehas.beenmq*by US@ lubfic~ts(refs=1
to 3), includingmolybdenumdisulfide(ref.k),by changein design so
as toavoidslip,orby selectionofmaterials(refs.3 and5), butthe
underlyingmechanismis stilJnotknown,andpresentmethodsformiti-
gatingdsmagearenotalwaysadequate.

._.——. . . ..— _———
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.
PreviousinvestigationshavebeenconcernedI_argewwiththequalit-

ative aspectsoffrettingcorrosion.~ general,theamountof damage .
hasbeenestimatedvisually(refs.1 to 3 and~ to7), dependingingen-

teralupontheareaofpittingorvolumeofcorrosionproductaccmnul.sting
duringthetest. Thesetestshavesupp~edusefulinformation,although
theyhavenotmadepossiblean esthationoftherelativeimportanceof
expertientalvariablesontheextentof damage.A 13mitedamountofwork
hasbeenreportedinwhichweightlossof slippingmetalrollsinthe
Amslerwearmachine(refs.8 to 10)orofoscillatingspecimens(ref.n),
orthedeterminationofthevolumeof damagedmetal(ref3), wasa meas-
ureoffretting.It is quantitativeinformationofthiskindthatisso
muchneededatthisstagein orderto formd+tea reasonablemechanism
ofthe&3mage.Abetterunderstandingofthesubjectisboundtosuggest
hprovedmitigativemeasures.

Inthepresentwork,theextentofdamagewasmeasuredlytheweight
lossoftestspectiensoperatingunderdefinedconditionsoftestandwith
adequatecontrolofthemajorvariables.Weightlossbecomesa lesspre-
cisemeasureof damageaftercorrosionassumestheshapeof deeppitson
thefayingsurfaces,sincethedepthandshapeofthepitsenterintoan
evaluationoftheirpossiblesourceas fatiguenuclei.tigeneral,how-
ever,thetestswerenotconcernedwiththislaterphaseof damage,
important thoughitiS. The planofattackwasto studyinitialstages
of damagefirst,sinceit is obviousthatifthefirstphasesof fretting
corrosionarewell-understoodandcanbe eliminatedthelaterphasesof
-e willneveroccur.

D
Thisworkwasconductedby theDepartmentsofMetallurgand

Mechanical.EngineeringoftheMassachusettsInstituteofTechnology
underthesponsorshipandwiththefinancialassistanceoftheNational
AdvisoryCommitteeforAeronautics.Notalloftheauthorshavebeen
involvedinallphasesoftheinvestigation.Theequipmentdesignand
operatingproceduresareattributedto H.H.Uhlig,W. D. Tierney,
andA.McClellan.Thestudyofmildsteelfrettedagainstitselfisthe
workofI.MingFengandH.H.Uhlig,andH. H.Uhligpreparedthedis-
cussionofthemechanismoffrettingcorrosion.

I.TEST

Thepresent

m~ FOREVALUATING

TestSpechen

IEChiIE WS.S designedand
dsmageby oscillatorymotionoftiop~rs

IZKETTINGCORROSION

constructedtoproducefretting
oftestspec~ns heldinplace

by twomovingsmdtwostationarychucks(figs.1 to 4). Thestaudardtest
spechnen,1 inchin dismeterand1 inchlong(fig.5), waschosenafter
earlytestsshoweditbestmetrequirementsoflowelasticloss. Oneend
is counterbored7/8inchin dismeterby 1/16 inchdeep,withtheresulting,
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annularfaceprovidingthetestsurface(areaequslsO.1~ sqxareinch
at a meanradiusof0.438inch),Thistestsurfaceis dressedon a sur-
facegrinderandthencarefullypolishedby handonNo.1 emerypaper.
Theoppositeendofthespecimenis cutawaytoforma centeredsquare
tang5/16 inchlongbywhichit isheldh thechuck.Duringthetest
twosuchspecimensarepressedtogetherundera measuredloadwiththe
annularsurfacesin contact.Oneisfixedinpositionsndtheotheris
subjecttovibratorymotionsufficientto cauaeslip.A jigisusedto
dine themconcentricallywitheachotherandwithrespectto theshaft
ofthemovingchuckstowithin~0.0005inch. Specimenloadcanbe
appliedtoa maximumpressureof~,000psi,frequencyofmotioncanbe
variedbetween56 and3,000 cpm,andrelativeslipcanbe ~fl-hsted
betweenO and0.008inch. - -

SpecimenChucks

Opposingpairsofsetscrewsin
agabstthinshimsofhardenedtool
tangperpendicularlytothe@s of

andRockerArm

theclearanceslotofeachchuckact
steel,therebyclampingthespecimen
thespecimen.Thisachievesa stiff

grip onthespecimensandelhinatesfrettingor setscrewdamageto the
tangs. Theshoulderofeachspechenis seatedagainstsheetnylon
cementedtothechuckto avoidfrettingat thisarea.Relativemotion
betweenchucksandspecimenscannotbe detected,andobservedfretting
is satisfactorilyrestrictedtothetestsurface.

Thetwomovingchucksareshrunkonmilledsections1$ inchessquare
by 3/4inchlongat oppositeendsofa 3-inch-squareshaft.Thesehave

a 2A-inchoutsidediameter,are2 incheslong,andhavea 1$-inch-sqpare
4

boretofittheshaft.Thisshrinkfitavoidslostmotionandmidmizes
frettingInthisareaofthetestapparatus.Eachofthetwostationary
chucks,of~--inchoutsidediameterand1 inchlong,isboltedandpinned

4
to thecenterof spr~ steeldlaphra+gnsof5-inchoutsidediameterby
l/32inchthickandispinnedto stands(calledendbel.ls).By this
arrangementa methodof supportisachievedwhichisverystiffradialto the
testsurface(torsion)butverypliablenormaltothesurface(bending).
Consequently,thediaphragpwillpermita normalloadtobe applied
throughthefixedspecimens,press~ themagainstthemovingspecimens,
whiletheftiedspechns areconstrainedagainsttorsionalmotion.Also.
thediaphragmsbendsufficiently
mentbetweenthematingpairsof

Thesquarerocker-armshaft
andboltedto eightleafsprings

to relieve-anys13@t ~ ~s~e- ‘
spec~ns.

whichcarriesthemovingchuckispinned
+ iIIChEX wide, 0.100inchthick,and

————— .
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h incheslong. Theseleafsprings,intheformoftwocosxialcrosses,
areboltedandpinnedattheirextremitiestoa squarecage.Thus,the
leafspringsconstitutea bearingwhichallowssmalltorsionsloscilla-
tionsoftheshaftbutwhichis exbremelystiffwithrespectto any
lateralmotion.

At thecenteroftheshaft,betweenthetwoleaf-springcrosses,an
I-beamofalmdnumis shrunkontheshaftandisthemembert~oughwhich

motionis appliedtotheshaft.Therockerarmis1~ incheswide,4 inches

high,with3/8-inch-thickweb.andflange,andis15 incheslong. The
rockerarmpassesthroughclear&nceholesinthespringcage‘toa cam
driveat oneendanda springreturnattheother.

EccentricandDriveShaft‘

Thecamdrive consistsofa hardenedhousingarounda needlebearing
whichencasesan eccentricsectionoftheshaft.As thedriveshaft
rotates,itseccentricsectiontransmitsa sinusoidalmotionto therocker
armthroughtheneedlebearing.At theopposi~eendoftherockerarm,a
coilspringkeepsthearmin contactwiththecam.

Theeccentricis constructedoftwoparts.Onepart,a lT-1 inch

outside-tismeter,2-inch-longsectionofthe1A-tnchoutside-dismeter
8

0

driveshaft,isO.tiOincheccentric(O.080-inchtotalindicatorreading)
to theShaf%● Enclosingtheeccentricportionofthedrivingshaftis

3 Z inchinside-diameter,andk-inch-longa l—-~. inch~u%side-&meter,1~-

sleevewiththeoutsidedismeterO.@@ ticheccentricto theinsidedi.sm-
eter. Eightsetscrews(fourineachend)clampthiseccentricsleeveto

the1*-inchshaftatanydesiredadjustment.-Byrotatingthesleeve

relativetotheshaftbeforeapplyingthesetscrews,anyeccentrici~
from0.000inchto 0.080inch(orO.160-inchtotalindicatorreading)
isavailable.Intermsofrelativemotionbetween.thefixedandmoving
specimens,theO.160-inchtotalindicatorreadingcorrespondsto
0.0222radianor about0.0111inchofarcatthespechenoutside
diameter.

.
ThedriveshaftcarriesV-beltpulleyswhichE&Lowspeedsof*O,

82o,1,300,and2,000rpm. Otherspeedscsnbe readilyobtainedby
insertingotherpulleys.Thedrivingmotor,a 230-volt,three-phase,
l-horsepowermotor,mountedonrubber,operatesat1,8~ rpm.

—. ——
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Vibrationof
observedfretting

themachinewasreducedto a minimumsoasto confine
corrosiontopureradialmotionofthespecimens.

Extraneousrelativemotion
by a microscopecomparator
O.00@ inch.

oft-tispecimensduringthetestwaschecked
andthemaximumfoundtobe intheorderof

.

PneumaticLoad

Thenormalloadbetweenthefixedandmovingspecimensisapplied
bypneumaticpistonsactutedby high-pressuretitrogen.Thenitrogen
pressureismeasuredpreciselyby a floatingpistongageandroughly
by Bourdongagesmountedinthegas-linesystem.Attachedtothepiston-
rodsarehardenedsphericalendswhichbearonhardenedplatespinnedto
theba@koftheend-belldiaphragmsin ordertotransmittheloadthrough
thefixedchuckto thetestsurface.Loadsup to‘j,000poundsareattain-
able. Intermsofnormal.stressatthetestsurfaceofthepresentspec-
imens,thisisequivalentto ~,000psi. .

MeasurementofSlip

Slipisreportedasthedifferenceinmotionofthemoving
respectto thefixedspecimen.Itismeasuredby twodifferent
Thefirstmakesuseofa 40-@wermicroscopecmparatormounted

with
methods.
ona

micrmneter-screwcarriagegraduatedto 0.0-601in~h. Thisisfocusedon
linesscribedwitha diamondacrosstheinterfaceofthetwospecimens
paralleltotheiraxes. StroboscopicUght illuminatesthespecimensat
a frequencyslightlydifferentfranthefrequencyoftest;hence,the
linesappeartom,veslowlybackandforthmakingpossiblea measureof
theirextremepositions.Themeasurementisma% forbothmovingand
stationaryspechensandthedifferencetakenastheobservedrelative
slip. Reproducibilitywasintheorderof~0.0003inch.

Amethodlh&.d.nginherentlybetterreproducibility(~0.000@inch)
makesuseoftwostraingagesmountedaboveandbelowa pointedflat
springsteelstripwhichpressesontothesurfaceofthemcnzbgspectien
atrightsnglesto its@s. Theassemblyforthestraingagesisrig-
idlyclampedtothefixedspecimen,sothatobservedmotionis a direct
measureofrelativeslip.

.
%evisedby I.MingFengoftheM. I.T.DepartmentofMechanical

Engineering.

.——
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ProvisionforChamging

A splitstainless-steelrectangular

mcA m 3029

Enviromnent“

cell,+ by l+by l+ inches,
fitsoverthetwomatingsamplesforfretting-cokosio~test:in environ-
mentsotherthanlaboratoryair. Neoprenegasketstightendownonthe
twospec~ns preventingleakageofgases,yetdonotinterferewith
vibratorymotionofthespecimens.A glasswindowboltedandcemented
to thetopofthechamberallowsmeasurementof slipwhenthestrobo-
scopictechniqpeisusedas describedabove.

A cellof similarconstructionisusedwhensup ismeasureduEing
-strain-gagetechniques,butit isoflargerdimensionssoasto contain
thestrsin-gageassembly.

TestProcedure

Thesamplestobe
tilledbenzene,dried,
anddlnedwitha jig.

testedaredegreasedbyimnersioninboilingtis-
sndweighed.Theysrethenmountedinthechucks
Theywe seatedfirmlyagainsteachotherand

againstthechuckfacesby applyinga smallnitrogenpressuret& theend
pistons. TheyareneficlsmpedfirmlyimpositionandthefuJJspecified
testpressureis applied.Themachineis startedandsnowedto runthe
specifiednmnberofcycles,afterwhichit shutsoffautmaticall.yby
meansofa counterswitch.Whenthetestis cmpleted,thesamplesare
degreasedinhotbenzeneandtiersedfor~ secondsinsuit’uricacid
(5percent byweight)heatedto 50°C (120°F) andcontainingO.1percent
byweightof qxl.nolinethiodide,a picklinginhibitor.Thespecimensare
then.scrubbedwitha stiffbristlebrushinrunningwater,rinsedinhot
acetonefollowedby hotdistilledbenzene,andweighed.

Thelossofweightforcleanspecimensoccurringthroughpickling
wu 0.3milligramperspectien,a valuewhichwasstiractedfromthe
observedweightlossinorderto correctforthelossofmetal.

II.FIW?I?TINGCORROSIO@OFMILDS’I!EELINAIRANDINNITROGEN

Introduction

Usingthetestequipmentandproceduredescribedpreviously,mess-
urementsoffrettingcorrosionweremad&usingSAE1018cold-finished
steel,thecertifiedmiJlsmalysisforwhichisasfollows:

Carbon,percent. . . . . . . . . . . . . . . . . . . . . . . ..0.1>
Manganese,percent. . . . . . . . . . . . . . . . . . . . . . .0.75
Phosphorus,percent. . . . . . . . . . . . . . . . . . . . . ..0.008
SuJJ’ur,percent. . . . . . . . . . . . . . . . . . . . . . . ..0.027
A*checkanalysisofthecarboncontentgave0.16percent.

20neoftheauthors,I.MingFeng,is oftheopinionthatfretting
me or sihplyfrettingwouldbe a betternamethanfrettingcorrosion.

–.
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Theeffectofvarioussurfacepreparations(turning,@riding,No.1
emerypaperpolish,No.00@ emerypaperpolish,andannealingplusNo.1
emerypaperpolish)wasinvestigated,butno largedifferenceswerefound.
Hence,abrasionby handwithNo.1 emerypaperwithoutannealingwaschosen
asthestandardprocedureforalltests.

Thephysicalappearanceof a fretted1018steelspecimenwithcorro-
sioriproductsremovedby picklingis showninfigure6. Usually,intests
of sufficientduration,pittingoccurredovermostofthetestareaexcept
fortherhs attheextremeouterandinnerdiametersoftheannulartest
surface.Evenontheannealedspechenstheinnerandouterrimsshowed
residualbrightmetal,provingtlwtthecold-workedinnerandoutersur-
faceswerenotthecause.Perhapsthestresswaslessherethanelse-
where,ortheedgeswereactuallyroundedin surfacepreparation.The
visualdsmageappearedas shallowpits,withthedeepestpitsinthe
67,800-cycletestswitha 5,300-psiloadandO.003-inchslipaveraging
about0.007inch.

.
Numerousdatawereobtainedintheearlystagesoftheinvestigation

beforeitwasrealizedthatatmospherichmnidityis oneoftheimportant
variablesrequiringcontrol.Theliteraturehadnotdiscloseda large
effectofhumidity,possiblybecausetheeffectwasnotexpectedand
becausepreviouslyreportedexperimentswerepredmimantl.yqtitative.
Theeffectwasfirstindicatedinthisworkby thedisconcertingfact
thatweight-lossvaluesobtainedinwinterweregreatertti similarval-“
uesobtainedin sumerby a factorfarexceedingtheexperhnentalerror.
The@screpancywasoppositetothateqectedofnormalatmosphericcorro-
sionwhereattackisalwaysmorepronouncedduringperiodsofhighhumidity
(Smer). Thismadethecauselessobvious,buttheeffectwaseventually
tracedto differencesinrelativehmidityvaryingfrm extremesof5 per-
centinwintertol(Klpercentin summer.pre~ measurementsatthis
timealsoshowedthatquantitativeeffectsoftemperaturevariation,par-
ticularlyintheroom-tarperaturerange,aremuchlargerthanmighthave
beenanticipated.Thesefactsmadenecessarya repetitionofallearlier
measurementswithhumiditypreciselycontrolledandeitherthetemperature
ofthespecimenscontrolledortheweight-lossvaluescorrectedto rom-
temperatureconditions.

Therecordedweightlossesherewithreportedaretheaverageoftwo
matingspecimens,exceptwheretemperaturecontrolofthespecimens
requiredthata thermocouplebe attachedtothestationaryspecimen,in
whichcaseonlythemovingspecimenwasweighed.Inview.ofthelarge
effectofhumidity,testswereusuallyconductedinmovingdryair,pre-
viouslypassedoveranhydrouscalcimsulfatecontainedinl-inch-diameter
tulesabout9 feetlong. Therelativehumidityofairdriedinthisway
measuredO percent,as indicatedby a hygrmeterat theexitendofthe
than.ibersurroundingthetestspectiens.Nitrogen,whenused,waspurified
by beingpassedthrougha liquid-airtrap,thenthrough3 feetof copper

-—- .— .-————— — ..—- —
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turningsmaintainedat about400°C, andfinallythroughanotherliquid-
airtrap.Metalconnectionswereusedfrompurifierto cellinorderto
midmizecontaminationby oxygenandmoisturesuch
haveoccurredby diffusionthroughwallsofrubber

EffectofDurationofTest

Withthevariablesofthetestfixed,suchas

as wouldotherwise ~

tubing.

pressure,relative
slip,andfrequencyofoscillation,weightlossesofmild-steelspeci-
mensweredeterminedforvarioustimesoftestinbothdryairandin
purifiednitrogen.Thetemperaturerecordedistheaverageachievedby
thespecimens(33°C) duringthetestas deteminedbythermocouple
rt=adingsof shrilarspecimensneartheinterfaceinparalleltests.The
dataarereportedinfigure7. Therateofmetallosswasrapidatfirst;
but,afterabout1>0,~0cyclesoftest,correspondingto a periodof
“run-h,”thespecimensreacheda steady-statecondition:Weightlosses
thereafterwerelinearwitht~, ortherateofmetallosswasconstant.
Testswerecarriedoutto a mmdmumoflj250,000cyclesreqxl.ringabout
39hours.

Innitrogenweightlossesweremuchless,-althoughnotzero.At
200,000cycles,forexample,theweightlosswasone-sixththatin air,
andthisfactionbecamelessasthetestwascontinued.Therun-in .
periodfornitrogenrequiredabout30,(M0cyclesas comparedwith
150,000cyclesinair. Thedecreaseoffrettingdamageinan inertatmos-
pheresuchasnitrogenorhelium,orinvacuwn,hasbeenpreviously
reportedby severalinvestigators.(refs.1, 6,8, 10,12,and13).

EffectofHumidity

HwniditywascontrolledbypassingairthroughMstilledwaterusing
submergedsinteredglassdisksinordertoproducea finedispersionof
gasbubbles.Theflasksweres-rged ina waterthermostatmaintained
at a prescribedtemperaturetowithinO.1°C. Humidttywasrecordedusing
a hygrometermanufacturedby Serdex,Inc.,locatedinsidea gastightcham-
berattheexitsystemofthecellsurroundingthetestspectiens.The
hygrmueterwascheckedat severalhumiditiesagainsta slingpsychrometer.
Althoughtheentirerangeofrelativehumiditywaspossible,100-percent
relative-humidityairwasnotusedbecauserustingofthetestspecimens
andsubsequenterrorinweight-lossdeterminationsoccurred.Airof
90-percentrelativehmiditydidnotcausesuchrustingduringthetime
ofthetest’and,hence,thiswasthemadmum

— —
extenttowhichairwas

humidified.

~ta giveninfigure8 arefor
whichbroughtthetestshortofthe

two timesoftest- oneat 67,800
run-in period,andtheotherat

cycles

— .——— — —— —.-—
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.

457,800cycles whichwasbeyondrun-in,wheretheweightlossesofthe
specimensbecamelinearwithnumberof cycles.A temperatureof 33°C
wastheaversgevalueofthespecimensneartheinterfacethroughoutthe
testperiod.Thevaluesofrelativehumititywerebasedonrocnntemper-
atureequalto27°Co Thepercenteffectofincreasedhmidi~ onweight
losswasappreciableandwasaboutthesameforbothperiodsof test. At
100-percentrelativehumidityand457,8oocycles,frettingcorrosionas
measuredby extrapolatedweightlosswasonly55percenttheweightloss
at O-percentrelativehmidityandwascorrespondtigly65percentat
67,800cycles.

Frettingdamageofmil.dsteelinnitrogen,essentiallysaturatedwith
watervapor,wasfoundtobe approximatelythesameasthatin drynitro-
gen(tableI). Thisfactindicatesthatmoistureh theairperhapseither
decreasestheabrasivepropertiesof iron-oxide-debrisattheinterfaceor
alterstheratetithwhichironcombineswitho~gen (intheopposite
directionto itseffectinnormalcorrosionprocesses).~ theabsence
ofoxygenoroxidesmoistureisapparentlynotimportant.

Inthisconnectionitwasofinterestto deteminewhateffect,if
W) iS e=rcisedbyiron-tidep@icles onfrett@ -e ~ ~~ogen.
Twospecimenswereruninilryairforaboti6~,~ cycles,thereby
becomingcovereduniformlywithcompactedironoxideonthecontacting
surfaces.Oneofthespecimenswasthenrepl.acedbya cleanspechenand
theweightlossofthelatterdeterndnedafter30,000cyclesad also
after203,koo cycles. The results are listedintableI. Forcomparison,
theweight
included.
hens were

lossesofa cleanspecimenrunwitha cleanspecimenarealso-
Theresultsshowno certaineffectof oxide,whetherthespec-
runinairorinnitrogen.

NatureofCorrosionProducts

Previousinvestigatorshavereportedferricoxide aFe203asthe
majorcomponentofthefinaldebriswhenironormildsteelisfretted
(refs.7smd14to 16). RollandPulewka(ref.17),usingtheHanffstengel
wearmachine,claimedthat Fe304mayalsobe presentdependingonthe
10adandvelocityofthetest.FimkandHofmann(ref.15),usingthe
Amslerwearmachine,alsofoundFe304 in sme tests.‘Jhelatterauthors
togetherwithThumandWunderlich(ref.14)andDies(ref.11)reported
thepresenceof smallamountsofmetallic-ironpowderalongwithironoS*.
Diesreported24percentferrousoxideFeO,as determinedby chemicalanal-
ysisfordebrisof softironfretted”againsthardenedchromiumsteel,the
remainderofthedebrisbeing68.6percentFe203 and2.5percentFe.

Tracesofmetallicnitrideswerereportedby CorneliusandI!dlenrath
(ref.16)andbyllies(ref.n).

.—. ..—. ..__ ——. .— —. —— —-—.—-
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Inthepresenttestsonmildsteel,themajorconstituentofthe
darkreddebris,as determinedby X-ray,3wasfoundtobe cil?e203.This
wastrueforspecimensrunatroomtemperatureandat -140°C and157°C.
A smallamountofmetalliciron,lessthanperhaps5 percentbyweight,
accompaniedtheoxideobtainedfrm specimensrunat 5,300psi,*O cpm,
and0.00X-inchS~p. Huwmuchiron,ifany,waspresentunderother
testconditionswasnotdetermined.Theblackpowdereddebrisof spec-
imensruninpurenitrogenprovedtobe entirelymetalliciron.

EffectofTemperature

Theeffectoftemperaturewasstudiedbyheatingor coolingthesta-
tionaryspecimenratherthanthesmbientair. Fortemperaturesbetween
-125°C andl~” C oneturnof3/16-inch-diametercoppertubingwassol-
deredtothespecimenthroughwhichliquidnitrogenwaspumped(fortem-
peraturesbelow-~0°C),oralcoholplussolidC02(fortemperatures
belowroomtemperatureandabove-50°C),orhotwater(fortemperatures
below100°C)wascirculated.Fortemperaturesabove100°C a resistance
wireheatingcoilwaswoundaroundthespecimen.Themosttificul.tmeas-
urementswerethelong-timerunsatlowtemperaturesrequiringlargevol-
umesofliquidnitrogenandconstantmanualadjustment.

Sinceheatingor coolingonespectie’nofa pairproduceda tempera-
turegradient,thetemperatureneartheinterfacewasest3matedforeach
conditionoftest. Thiswasdoneinpreltmimrytestrunsmaintaining
conditionsexactlyas inregularruns. Thermocouplesweresolderedto n
eachspecimennearto andequidistantfromtheinterface,andthetest
machinewasthenstsz’ted.GeneraJJy,a thermocoupleattachedto the
movingspecimengavea higherorlowerreadingthanthestationary-spec3men
thermocouple,dependingonwhetherthestationaryspecimenwasheatedor
cooled.Theaveragewastakenofthe twotemperaturereadingswhen
steady-statetemperatureandfrettingconditionswerereached.

Duringactualrunsforwhichweightlosseswererecorded,a thermo-
couplewasattachedto thestationaryspecimenonly,thereadingofwhich
combinedwithdatafromprel~ runsgavethespecimentemperature.
Theweightlosswasthendeterminedforthemovingspechnenalone.One
otherprecautiontakenbecauseofthetemperatureI-3mitationsofrubber
wasto tit thegasketbetweenthecellandthespectienforrunsabove
800C orbelow0°C. Thecellforthesemeasurementswasreconstructed
sothatitfittedtightlywithoutgasketsaroundthestationaryspectien
butalloweda smallannulsrspacearoundthemovimgspecimen,thereby
permittingfreerelativemotionofthetwobut,nevertheless,preventing
theinfluxof airto thechamberinwhichdryairwasmaintained.

3Carriedoutby P.Rautalaofthe14.I.T.DepartmentofMetallur~.
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Dataarerecordedinfigure9 fortwoperiodsoftest,againcorre-
spondingtoperiodsbeforeandafterrun-in.Theweightlossesweregreater
thelowerthetemperature.Beforetherun-inperiod,weightlossesat
50°C wereonlyabout50percentorone-halfthoseat 0°C, andafter
therun-in,about65percent.As temperaturesfellbelow0°C, fretting
corrosionincreasedforlongperiodsoftestbutapparentlyremainedrela-
tivelyfixedf?rshorterperiods.Above50°C, andto a maxdmumof1500c,
thetemperaturecoefficientofcorrosionwasrelativelysmall.These
data,ofcourse,areallforunlubricatedsurfacesin dryair. Thedata
mayormaynotcorrespondto observationsonlubricatedsurfaces,where
propertiesofthelubricantalsoenterasfactors,althoughqualitative
effectsoftemperatureshouldprobablybe thesame.Forexample,AJmen
(ref.1)foundinthecaseoflubricatedautomotivebesxingsthatfretting
corrosionwhenitoccurredwasmore
agreeswiththepresentconclusions

Effect

Relativeslipofthespechens

severeinwinterthanin summer,which
basedonfigure9.

of slip

was variedfrom0.0004to 0~0091inch,
employinga pressureof5,300psi,a frequencyof~ cpm,anda total -
testperiodof67,~ cycles.Thevaluesofrelativeslipwerecorrected
forslightelasticlossbetweenthefixedpointsofthetramducerused
tomeasurerelativedisplacement.-Thisamountedto 0.0003inch.

Whereastagperaturecorrectionswerenotnecessaryforpreviousruns
becausethespecimenswerenearroomtemperatureorthetemperaturewas
contr.oJled,correctionsbecameofincreasingimportancetorunswhere
load,slip,andfrequencywereincreased.Temperaturerisewasappre-
ciableforspec~ns oscillatingathighfrequenciesorhighvaluesof
sliporload,andthecorrespondingcorrectionsmadenecessaryby the
highertemperatureswerenotsmall..Ideallyja t&nperature-correction
curveshouldbe constructedforeachconditionoftest. Thiswouldrequire
considerabletjme,however,inviewofthemajoreffortccmpelledby the
twotemperaturecurvesoffigure9 fora singlesetof conditions.Hence,
thecompromisesituationwastousethedataoffigure9 andassumethat
theeffectoftemperatureforanyconditionoftestwasthesamepercent-
agebasedonweightloss.Forexsmple,theweightlossofa spectien
frettedfor67,800cyclesat 5,300psi,54ocpm,and0.0036-inchslipis
7.8miui~~ at25°C andk.7milligramsat 50°C. Correspondingly,if
thetemperatureduringa runachievedbya specimenfrettedat a specified
slip,load,andfrequencyhappenedtobe 50°C, itsweightlosswascor-
rectedbymultiplyingtheobservedvalueby 7.8/4.7.Thisorderof cor-
rectionis justifiedonlyintheabsenceofa bettercorrectionandwas
usedintheexpectationthatitmarksan improvementoverno correction
at all. However,recognizingtheinherentlimitationsoftheassumptions
that
loss

aremade,thedatareco=dedinthevsriousfigures
valuesnottemperature-corrected,aswellasthose

includewei-@t-
correctedas

. __-— — .—...— ——
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described.It should&Lsobementionedthatsomescatterinthecorrected
resultsforsimilartestconditionscomesaboutthroughvariationsinroom *
temperature.

Prelimimrytestswererunto determinetherelationshipof slipto
theaveragetemperatureriseofthespecimens.A maximumtemperature
riseof22°C forO.00g1-inchslipcorrespondedtoa maximumcorrection
intheorderof8 ~grams. Dataarepresentedinfigure10 showing
thatweightlossisa linearfunctionof slip.Thisistrueforall
temperatie-correctedvaluesofweightloss,aswell.&sforuncorrected
vsluescorrespondingtothehighervaluesof slip.Thegreaterthe
amplitudeof oscillatorymotion,therefore,thegreaterthefrett@
corrosion.Furthermore,itappearsfromtheextrapolateddatathatcor-
rosionno longeroccurs-

Aspressureonthe
otherfactors,relative

forzeroslip.

EffectofPressure

testspecimensisincreasedwithoutchangeof
slip~aduallydecreases.Weititlossescorre-

spon&gly increaseatfirs~,‘reacha-msximum,sndthendecreaseasmore
andmoremotioninducedby thecsmistakenup inelasticlossesbothin
themachineandinthespecimens.Whentheappliedpressureis sohigh
thattherelativeslipofthespechnensisreducedto zero,fretting
corrosionalsobecanesnil.

It isofgreaterfundamentalinteresttobow howfrettingdamage
varieswithappliedpressureunderconditionswheretherelativeslipis
maintainedconstant.Thiswasdeterminedina seriesoftestsby adjusting
thecsmaftereachchangeofpressure,sothatslipwasmaintainedat
O.~36 * O.0C02inchsf’terappropriatecorrectionsweremadeforelastic
lossesinthespecimensbetweenthefixedpointsofthetransducer.lHg-
ureU. showsthatweight-lossincreaseswithpressureup tothemaximum
pressureappliedof5,300psi.

EffectofRrequency

Bymeansof a strain-gagetransducer,therelativeslipbetweentwo
matingspecimenswasfoundtobe independentoffrequency.Thiswas
checkedat 5,300psiandO.~36-inchslip.

Themsxlmmmtemperaturerisereachedby thetestspecimensincreased
appreciablywithfrequency,necessitatingtrialrunsas describedprevi-
ouslyin orderto establish-temperaturecorrections.Thehighestvalue
oftemperatureat 3,000cpmandO.oo36-iTa slip,forexample,wasfound
tobe 61° C. !lhecorrespond&igcorrectionrequiredadding3.6mill.igrsaw,
orldZ!percentoftheobservedweightloss. Thetemperaturesattained

n

—. —- . ..——— ——— ———
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werestillhigherat1,300cpmandO.0091-inchslip(n” C) andthecor-
respondingcorrectionsgreater.Greatreliance,of course,cannot‘be
placedon correctionsofthisorder.At lowerfrequencies.orlowervalues
of slipthecorrectionswerelessasthedwtaoffigure12 show.

Temperaturecorrectionstendto diminishtheobservedfrequencyeffect
offrettingcorrosion,buttheeffectneverthelessremaimsizable.Weight
lossesaredefinitelylowerthehigherthefrequencyfora givennumberof
testcycles.It isalsoapparentthatthegreatertheSEP, thegreater
isthefrequencyeffect;~d, fora verysmallvalueofappliedslip
(0.0004inch),anyappliedfrequencyeffectiswithinthee~erimental.
error.Innitrogenthefrequencyeffectalsodisappears(fig.13),even
thougha camdisplacementof 0.08inchwasemployedwhich
slipof0.0036inchinairbutvariableslipinnitrogen.
pottemperature-corrected.

producesa
Thedatawere

III.MECHANISMOFIRETTINGCORROSION

A satisfactorytheoryoffrettingcorrosion
eralfactsamongwhicharethefollowing:

(1)I!rettingdamageisreducedinvacuumor

shouldaccountforsev-

inertatmosphere.

(2) Debrisformedby frettingofironislargely
compositionFe203.

(3)Greaterdamageoccursatlowfrequenciesfor

ofthe

a givennumber
of cyclesthanathighfrequencies(fig.12).-

(4)Me&d ~s increaseswithloadandrelativeslip(figs.10
.

(5)Greaterme OCCUrSbelowromntemperaturethm above
rocmtemperature(fig.9).

(6)Dsmageisgreaterin dryair

Thefactthatfrettingcorrosion
hardlybe doubtedintiewofthefact

thaninmoistair(fig.8).

involvesa chemicalprocesscan
thata chemicalreactionproduct

iS formed.Theprocessoffretting,therefore,istrulyoneof corro-
sion,a termdefinedasthechemicalorelectrochemicalreactionofa
metalwithitsenvironment(ref.18). Thisterminologyisperhapsrea-
sonablyclear,butthereis stillampleroanfordiscussionastowhether
theobservedchemicalprocessaccompa&esorfollowsconsumptionofmetal
infrettingdamage.

$

----- —
.-.— ———..—...———
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Theresregoodreasonsforbelieving,basedonworkofotherinves-
tigatorsandondatapresentedinpartII,thatbothsituationsoccurin
practice.Thefrequencyeffectofdamage,forexsmple,isplausibly
explainedas evidenceof chemicalreactionaccompanyingthefretting ‘
process,whichproceedsasa functionoftimeratherthanof distance
traveledduringtheoscillatorymotionofthespecimens.Accordingly,
athighfrequencieswherethetimeoffrettingis shortfora givennum-
berofosc~atiou, theover-allweightlossisless. @ theother
hand,evidenceofmechanicalwearcomesfromtheobservedpresenceof
ironparticlesinthedebris.Also,photmicrographs(e.g.,fig.14)of
a frettedspecbensurfaceshowunmistakabledisturbanceor cold-working
ofthesurface,and,in somecases)thereareareaswheremetalappesrs
to haveseizedandseparated.Adhesionandshearingof suchareasare
logicalsourcesofmetallicdebris(refs.19 and20). Thefactthatso
littlemetalJicdebrisa~earsisevidencenotofminormechanicalwear,
butratherof conversionofmetallicdebristo oxidesubsequentto removal
ofmetalfromthespec~n surface.

Itshouldbepointedoutthattypicalpittingoffrettedsurfacesis
nota resultofelectrochemicalactionsuchas occursinaqueou6media
throughoperationofgalvaniccells.Thepits,instead,resultfrom
localizedstressconcentrationattheseareasthroughaccumulationof
oxide.FerricoxideFe203 formedbyfrettingactionhasa densityof
5.12comparedwiththedensityforironof7.86. Thisvans thatthe
oxidehasgreatervolumethantheironfrmnwhichitformsby a factor
of2.2. Therefore,themetalsurfaceareasinitiallyin contactand
firstfrettedramin orbecomehighlystressloadedbecausetheoxide
ofgreaterbulkthanthemetaltendsto separatethetwosurfaces.Con-
sequently,frettingcorrosionisaccentuatedlocaldyjinaccordwiththe
dataoffigure11,andthetendencyistowardpittingattackratherthan
uniformsurfacewear. Frettingactionthereafterbetweentwomoving
surfacesistransmittedlargelyby compactedotid&retainedinthepits.
Theforcedseparationofmetalareassurroundingpitswasobservedin
maUYofthePresenttestspecmm, partictiarlybeforetherun-inperiod.
At theseareas,markedbythepersistenceofunattachedbrightmetal,
originalscratchlinesformedduringsurfacepreparationofthespecimen
arestillclearlyseenunderthemicroscope.

gram

TheoryofJZrettingCorrosion

Factsassembledfromtheliteratureandfromthe
suggestthefollowingmodelforthemechanismof

presenttestpro-
frettingcorrosion.

Assme a surfacewith n circularasperitiesor conl=ctl’Po~ts”Per

.

unit sreaofmetal(oroxide)withav&agediameterc andan average
distances apart.b thefrettingprocesstheseasperitiesmoveover
a planemetalsurfaceata linearvelocityv, eachasperity,in turn,
plowingouta pathandexposingcleanmetal,theareaofwhichdepends
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011 the widthof
onthetrackof

theasperityandlengthoftravel.
cleanmetalgasfromtheatmosphere

15

Behindeachasperity
willrapidlyadsorb,

orperhapsa thinlayerofmetaloxidewillform.Thenextasperitywill
wipeoffgasor otidefilmas ittraversesthepathofthefirstasperity,
andso onforallasperities.(Seefig.15.)

Theaveragetimeduringwhicheithergasadsorbsoroxideformsis t.
Then

t= s/v (1)

Thecorrespondingamountof oxideW removedbyoneasperityplm
outa path t longsmd c wideisdependentonthetotalotidationofa
cleanironsurfaceofarea CZ intime t.

Theempiricalrelationfortheinitialstages
isgivenby:

W = c2kloge
()++1

where T and k areconstants.Thislogarithmic

of oxidationofa metal.

(2)

otidation-rateequa-
tionwasfirstsuggestedby TsmmannandK&ter (ref.21)asappl~- to
oxidationof ironatlowtemperatures(252° C to 385°C),aswellasto
oxidationofvsriousothermetals.Thelogarithmicequationhassince
beenconfirmedby otherinvestigatorsforironandothermetals(refs.22
to 27),againforrelativelylowtemperatures.Anotherrelationholds
whentheoxidefilmsthatformarecomparativelythick,butthisisnot
thepresentsituation.

ThelogarithmicequationwasreportedbyArmbrusterandAustinas
applyingto oxidationofironatroomtemperatures(ref.28) butafter
initialadsorptionof oxygenonthesurfacetoorapidtomeasure.
Insteadof oxidation,theirdataalternativelymayrepresenttherate
of chemisorptionof oxygenoniron,wherethefirstlayerofmolecules
rapidlyadsorbedisheldby VanderWads forces(physicaladsorption),
followedby lessrapidconversionto dissociatedatms whichbecome
chemicallybondedtothesurface(chemisorption).Thefirstlayerof
gas,inturn,as itbecomeschemisorbedencouragesadsorptionofaddi-
tionalgaslesstightlybound.Onthisbasis,mechanicalenergyof
abrasionsuppliesthenecessaryactivationener~ to convertimmediately
theadsorbedgasfilmto stoichiometricchemicalcompoundofwhich
oxideisoneexample.Conversionto oxideatroomtemperatureismuch
slowerintheabsenceof suchan activationener~. Thismodelforthe
metalsurfaceisnotessentialto thepresentdiscussionbutismade
hereinorderto includewhatseemstobe a plausibledetailoffretting
actiontobe consideredagainlaterinan interpretationofthefacts.

. ———
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Thefinalequtionderivedbelowfortherate,offrettingcorrosionisthe
.

samewhetheroneassumesgasadsorptionfollowedby formationof oxide
throughmechanicalaction,orrapidoxideformationwipedoffdirectlyby ,,
abrasion.Perhaps,inthegeneralcase,bothsituationsapply.

Substitutingequation(1)intoeqwtion(2):

w = Cuc10/+ +,) (3)

Inthepresentlydescribedfrettingtests,themotionof oneannularring
speckn slippingwithre~ectto a dmilarspec~n is sinusoidal.Since
22 isthetotallengthoftravelin anyonecycle,thelineardisplace-
ment x frmnthemldpotitoftravelatthe t isgivenby:

x +COS8 (k)

and

dx Lsin13&
aE=v =-2” (5)

If f represents
Stantangulszvelocity

Therefore,theaverage

constantlinearfrequency,thisisrelatedto con- .
bytheexpression:

velocityisgivenby:

(6)

rII
fizf Stiede

Jg7=- ~ =22f (7)
JL

Hence,for n contactsorasperitiesperunit
weightlossdesignatedby Wcomos persingle
oxidation,inaccordwithequation(3),is:

areaofInterface,the’
cyclecausedsolelyby

.
—— — — . — ___ — —— .
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(8)

To thismustbe addedmechanicallossofmetalbecauseeachasperity,on
theaverage,digsbelowtheoxidelayer(oradsorbedgaslayer)anddis-
sipatesmetalinanmountproportionalto theareaof contactofthe
asperitiesandlengthoftravel.Theareaofasperityis importantnow
ratherthanwidth,becauseofthe“tesringout’iorweldingactionoccur-
ringduringmechanicalwearin contrastwiththescrapingoffof chemical
productsfromthesurface.A shearingoffofasperitieswithoutwelding
alsoleadstoweardependentonthetotalareaofcontact.For n cir-
cularasperities,theweightlosspercycleisgivenby:

(9)

load
()But Ill+ 2

, thetotalaxeaof contact,isknowntobe equalto the
L dividedbytheyieldpressurepm (ref.19,p. 20”).

Hence,

Wmech= 2k‘~=lL#L (lo)

where ~ isa constantequalto 2k~pm. Thetotalwearormetalloss
‘percycleisthesumoftheoxidation,or
icalterm:.

wto~ = ~lcorros+

corrosionterm,andthemechan-

W’mech (U)
.

Returningto equation
accordingtotherelation

(8),theLogarithmictermcanbe expanded

X2 x3loge(x+l)=x-~+~ ‘...

—. —
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where x is equalto
thanunity,thesquare
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J
S/2zfT. Whenthelatterexpressionismuchsmaller
andhighertermscanbe omitted.Thiscondition ..

appliesparticularlyto highload(smallvaluesof s),highfrequencyf,
andlargevaluesof slip Z. Theconstant-rforoxidationof ironor
adsorptionof oxygenonironhasnotbeendeterminedempiricallywith
greatprecision,norhasitstheoreticalsigoificsnceasyetbeenmade
clesr.TIEtiue equsd.s0.06secondforti of!hmmann’sdataoniron
(ref.21)andisvariable,butisintheorderof3 secondsforWinter-
bottmn~sdata(ref.~) andvariable,andintheorderof 60 secondsfor
someofArmlxwterandAustin’sdata(ref.28).

In thepresentexperimentsf isapproximately10 cpsand Z is
about0.01centheter.Theaveragedistancebetweenasperitiesat
5,0~Psi aftertherun-inperiodapproachesperhaps10-2to
meter.Thequanti~ s/2ZfT,therefore,is appro~ted by

10-6centi-

~o-4
= 0.008

2X O.O1X1OX 0.06

Therefore,wheneverexperhentslcotitionsaresuchthathigherterms
ofthelogarithmicexpansioncanbe neglected:

w 2nZcks ricks
Corros‘ — ‘ —22fT f-r

(12) “

Thisexpression,itwillbe noted,is equivalentto assuming,fromthe
verystart,a linearrateof otidationorofgasadsorptionon cleaniron
where k/T isthereactionrateconstant.Thel&ear ratereasonably
apprmdmatestheactualstateofaffairsconsideringtheshorttimesof
adsorptionoroxidationwhicharebeingdealtwithhere.

F&cmthefactthatthenmiberofasperitiesalongoneedgeoftit
areais equalto ~, itfollowsthat s + c isapproximatedbyl/@.

w k@l/2 klL
Corros= — -f T (13)
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where

19

and

.4k
‘1 pmflT

Combiningequations(10),(U.),and (13), onehasthefinalexpres-
sionforfretting
C cyles:

.

asmeasuredbyweightlosscorrespondingto a totalof

(w1/2
‘total= k~~+k#C- l)f (14)

Notethatthisfinaleqyationismadeup ofthreeterms,thefirst
twotermsrepresentingchemicalreactionorcorrosionandthethirdterm
representingmechanicalwear. Accordingtothisrelation,thetotal
weightlossis:

(1) Linearwithtotalnmber of
observations,thelinearstea~ state
(fi,g.7).

(2) %rabolicwithappliedload
by thedata(fig.n).

cycles.Thisisinaccordwiththe
beingreachedafter.a run-inperiod

L. Thistrendisalsoindicated

(3) Hyperbolic withfrequencyf. lR@ure12 confirmsthispredic-
tionexceptforsmallvaluesof slip. Thelackoffreqmncyeffectfor
smallappliedslipisexplainedlater.

Thefirsttwotermsofequation(14)showthatthecorrosionfactor
offrettingdamage:

(1) Ispredominantat lowfrequenciesbutisovershadowedbymechan-
icalwearathighfrequencies.
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(2) Isa
since C/f is
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.
functionoftotaltimeoftestregardlessoffrequency,
equivalenttototaltime.

c’2 theactw area Of(3) Becomeszerowhen nTC- ,(2)
the~um areaoftheinterface(or s =0 snd l/$i

$at a load L eqyalto m 4.

.

contact,approaches
= c). Thisoccurs

(4) Is independentoftotalslip Z,whereasthemechanicalterm
increaseslinearlywithslip.As Z approacheszero,theterm

2nZck~0~
( )*+1

approacheszeroand,-therefore,wto~ also

approaches~ero.@’rofrettingdamageintheabsence
establishedby previousinvest~gatorsandalsoby the

Theaboveconclusionsareinessentialagreement
mentalresults.

,

of sliphasbeen
presentdata.

withtheexperi-
,

ChemicalandMechanicalContributiontoFrettingDamage ●

Equation(L4)in cmbinationwiththedataofpartIImakespossi-
blea correlationofaIlthereporteddataandanevaluationofhowmuch
frettingdamagecanbe attributedto corrosionor chemicalreactionand
howmuchtomechanicalwear. Thisnecessitatesevaluationofthecon-
stantsko,kl,and ~. An examinationofweightlossplottedagainst
pressure(fig.11)showsthat-thefollowingeqmtionadequatelydescribes “ .
theeqpiricalcurve:

w = 0.0~L1/2+ 0.0009L

Sincethedataoffigure11.arefor67,800
540/60CPS,anda slipof 0.00%inch,equation

(15)

cycles, a frequencyof
(14)becumes:

w= 7,540~L1/2 +

.
Therefore,comparingeqpation(15)

I@QJ
Y

‘/

(16):

(244k2- 7,54dL (16)

withequation

= 5.05x 10-6

. — ._—_— ..—
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. .
Theconstantkl canbe evaluatedfrom ~ employlngtherelation:

where ~, theyieldpressure,is

limit(ref.19,pp.19 and~) or
140,0CK)psi.

Slibstitutingthisvalueinto

appro-ted by 3 timestheelastic

formildsteelequals100kg/mn2or

theaboveequation,

kl = 1.51X 10-8

Finally,~ canbe evalu&edknowing~ and~ andis equal

to 4.16 X 10-6. Thisgivesas thefIn&l_expressionforfrettingweight
loss:

[
w =.~.o~X +L1/2- ](4.51x 104)L ;+ 4.16x 10-6)ZW (17)

where W isinmilligramsperspechen(0.184-square-inch(l.19-square-
centimeter)surface);L isinpoundspersquareinch; f, in cycles
persecond;C, in cycles;and 1,ininches.

Howwellthisequationdescribestheweight-lossdatafortestswith
variationofload(pressure),slip,andfrequencycanbe ju”dgedby refer-
ringtotableII. Agreement,by andlarge,isgood.

At 56/60 cpsando.oo36-iIIchslip,thedeviationofthecalculated
fromtheobservedvaluecaube expla+nedonthebasisthattheapproxi-
mateexpansionofthelogarithmicterminequation(3)no longerholds.
Therateof oxideformationisnotsogreat,in otherwords,as is cal-
culatedfromthelinearrateconstantobtainedfromhigherfrequency
data. It seemsthatdeviationsfromthelinearoxidationrateappear
below238cpm,as shownby figure16,wheretheweightlossesplotted
withreciprocalfreqpencyareotherwiseinaccordwiththepredictions
of equation(14).13yincreasingtheslip2.5timesfromO.~36 to
0.0091inch,therebydecreasingthevalueoftheterm s/2ZfTwithin
thelogarithm,agreementbetween’thecalculatedandobservedweightloss
at 56/60cpsisbetter(34.4cmparedwith32.7milligrams).

—. —. ——..— .——-.— .— ——-
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Wheneverincreased
useofhighfrequencies

“

spechnensurfacetemperaturesaregeneratedthrough
orlargevaluesof sliporboth,correspondence

betweentheoryandobservationis obscuredby theuncez%aincorrectionfor
thetemperatureeffect.It issignificant,nevertheless,thatthecalcu-
latedvalues,by andlarge,f&Llbetweenthecorrectedanduncorrected
observedyslues.Whenthetestconditionsaresuchthatsurfacetempera-
turesarehigh,thecalctilatedvaluesseemto agreebetterwiththeuncor-
rectedvalues,suggestingthattheappromte temperaturecorrections
thatwereusedaremuchtoolargeintheseinstances.

A frequencyeffectofweiglrtlossis calculatedlyeqwtion(17)to
existfor0.000%inchslip;however,figure12 showsthatessentiallyno
frequencyeffectisfoundforthisvslueof slip.Themechanical-wear
termis calculatedtobe 0.6milligrsmandthechemical-wearterm,
2.2milligams.Theobservedweight-lossvalueof1.1milligrams,there-
fore,isinbetweenthesetwovaluesandsuggeststhata-high-frequency
oscillationmayhavebeensuperhrposedontheappliedfrequncy.Ifthis
extraneousfrequencywereconstantregardlessofappliedfrequency,the
soughtfrequ~ncyeffectwouldbemasked.Thisfactsuggeststhatvibra-
tionofthetestmachine,whichdespitealleffortswasnotentirely
elhinated,interferedwiththeweight-lossvaluesforthislowvalueof
slip. Vibrationtestsconfirmedthatextraneousmotionmayactually
reacha~ of 0.00@ inch.Thedataofthelowestcurveof figure12,
therefore,arenotinconsistentwiththetheorybutapplyinsteadto smalJ_
valuesof slipforanunspecifiedrangeofhighfrequencies.‘

Thepercentageoffrettingdamageattributableto corrosionandthat
partrepresentedbymechanicalwear,calculatedusingequation(17),are
includedintableII. Itwillbe notedthatthechemical.factoroffret-
tingdemagepredominatesforsmallvaluesofload,slip,andfrequency
butisonlya smallpercentageofthetotaleffectatM&h frequencies.

ThesecalculationsbearoutFink’sstatement(ina discussionof
ref.9)thatmechanicalwearpredominatesoverchemicalwefias slip
increasesandthatthehighrateofwearInnitrogenreportedby Rosenberg
andJordan(ref.9),contrarytohisfindings,isexplainedinpartby
thelargerslipemployedby them.

h viewofthefactthatthemechanic~factorat540/60Cpsj
5,300psi,andO.0036-inchslipisrelativelylarge(71percent),a sig-
nificantquestioncanberaisedconcerningthemuchsmallerpercentage
ofmetallicironactuallyfoundin debrisforspecimensfrettedunder
theseparticulartestconditions.Theobviousansweris that ironpar-
ticleswornoffthemovingsurfacesarelateroxi.~zedbysecondary
frettingactionofoneparticlerubbingagainstanotheroragainstthe
metalsurface.Actionofthiskindreducesthesmountofmetalliciron
inthedebrisandproducesmoreofthesamecompositionoxideasforms
intheprimaryprocess.It seemslesslikelythatironparticles

.
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dislodgedfromthemetalsurfaceshouldbe oxidizedspontaneouslyupon
contactwithairas is s~ested by Tomlinson(ref.2). Foronething,
theparticlesareprobablymuchlargerthantheatomicdhensionshe
suggested,sincethemechanismofwearappearstoemphasi~efractureof
macroscopicasperities,ratherthanthetangentialpluckingoutofatomic-
sizemetaltrsgments.Dies(ref.n), forexample,reportedthatthe
sizeoffretting-debrisparticlesisabout1 micron(lOA centimeteror
about10,~ atomdiameters).Furthermore,frettingdebrisconsisting “
entirelyofmetallic-ironpowderobtainedfrmntestspecimensrunin
nitrogendisplayedno observabletendencyto oxidizespontaneouslyupon
exposureto air. Inviewofthereducedtendencyofironto oxidizeat
subzerotemperatures,thefactthatfrettingactionatthesessmelow.
temperaturesstill.producespredominantlyan oxidedebris(seethesec-
tion“NatureofCorrosionProducts”inpartII andref.29)is further
evidencethatspontaneousoxidationisnotlikely.Godfrey(ref.7)
reporteda changein colorofirondebrisfromblackinthecenterof
frettingactiontoredattheouterrim,whichheexplainedas spontan-
eousoxidationofblackironparticlestored Fe205.Ifthechangeof
coloristrulyoneof continuousotidationandnotdueto changein
particlesize,hydration,orratioof Fe to O intheoxide,anyone
ofwhichmayinfluencecolor,theobservedeffectcanbe explainedby
secondaryfrettingactionas discussedabove.

Theweightlossesoftestspechensruninnitrogenareno longer
frequency-dependent(fig.13)..Thetheorysuccessftdlypredicts”this
situationbecausethechemicalfactoroffrettingno longerexists,and
allweightlossesareaccountedforby themechanicaltem alone.It
isnotedfromequation(14)thatthemechanicalcontributiontowear
doesnotincludea frequencyfactor.

Explanationisrequiredforthefactthatweightlossesfinitrogen
areobservedtobe lowerthancorrespondingcalculatedvaluesof the
mechanicalcontributionto frettingcorrosion.Forexample,thecalcu-
‘latedmechanicaltermforspecimensinairat 5,300psi,540/60cps,
0.0036-inchslip,and67,800cyclesis 5.4milligrmns,whereasthecor-
respondingweightlossinnitrogenis1.4milli~sms.Thisdifference
isexplainedby favorableconditionsforme@l transferfromonemetal
surfaceto anotherwhentestspecimensareruninaninertatmosphere.
In air,met~ tr=sferocc~s ifirequentlyornotat W, becausethe
final,ifnottheinitial,debris@ predminantl.yoxideratherthan
metal.Suchmetalparticlesas areformedbecomerapidlycoveredwith
oxygenor o~dej reducingtheprobabilityoftheirsubseqmntrewelding
orfusingto oneofthemetallicsurfaces.Weight-lossmeasurementsof
specimens,of course,donotincludeamountsofmetaltransferred;
therefore,innitrogenweightlossesareinvariablylowerthanthecal-
culatedmechanicalterminair,wheredislodgedmetalparticlesmaybe
lostpemsnentlyto eitherspecimensurface.

—._.. .. . . .. -.._— —
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AluminumandstainlesssteelsareespeciallyCkmagedby fretting
action,notonlybecausehardoxidedebrisparticlesformhavingthe
compositionsA.1203andCr203butdso becausethemetalsthemselvesmay

.

inherentlyoxidizeoradsorboxygenparticularlyrapidlyuponexposure
to air. Thissuggeststhatthechemicalfactoroffrettingdamagemay
bemore@ortant forthesemetalsthanformetslshavinglesssffinity
foroxygen.Eythessmereasoning,damagetonoblemetalsmustbe
largelyorentirelymechanical.

EffectofTemperatureandHumidity

Thedatapresentedinfigure9 showthatfrettingcorrosionIs
greater”atlowthanathightemperatures.Oxidationofmetalsinair,
ontheotherhand,shmst alwaysincreaseswithtemperature.Onecan
assume,therefore,that(1)themechanicalfactorismuchgreaterat
lowtemperatures,overshadowingthechemical.term,or (2)thereaction
rateconstantk/7 isgreateratlowtemperaturesdespitea decreased
otidationtendency.Ifthelatteris correct,k/T mayrefertothe
rateofadsorptionofgasesonthemetalsurfacerathert@n to theoti&-
tionrate,@lying thattherateofadsorptionofgasesatlowtemper-
aturesmaybe greaterthanthatathightanperatures.

In orderto distinguishbetweenthesepossibilities,furtherexper-
tientaldataareneeded.Forexample,dataobtainedat severaltemper-
aturesfora varietyoffreqmncies,slips,andloadswouldhelpevalu-
atethetemperaturecoefficientofthemechanicalfactoras distinct .
fromthechemicalfactor.k

Increaseddsmageatlowtemperaturesmakeslesslikelyanyassump- .

tionthatfrettingoccurssolelybyoxidationofmetalby reasonofhigh
localtemperaturesinducedbyfriction.Thisassumptionwasalsodenied
byFink(ref.29)whoransteelspecimensintheAmslerwearmachinein
thepresenceofliquidair,observing,nevertheless,rapidformationof
an OXidedebris.In addition,werethisassmnptioncorrect,itwould
seemthatfrettingdebrisforsteelshouldbemostlyofmill-scalecom-
positioncomparablewiththehigh-temperatureironoxideFe304.None

4OnecanassumewithFinkandHofmann(ref.30)that“lockerstellen,”
or chemicallyactivesurfacesites,whichareproducedbymechanical&l.s-
turbanceofthesurfaceandwhichoxidizeasrapidlyas theyarefomed,
increaseinnumberasthetemperatureislowered.Certainly,therate
ofrecoveryofdisarrayedor cold-workedmetalis suppressedatlowtem-
peratures,inagreementwiththispremise.Butwerethistheentire
mechanism,onewouldexpectthatfora givenn@er of cyclesthen~ber
ofactivesitesproducedwouldalwaysbe thessme.In otherwords,a
frequencyeffectwouldnotbe expected,contrm tow~t isfo~d=

,.
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ofthisoxide,
alongthesame.

however,waafoundin
linesccmesfromless
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thepresenttests.Furtherevidence
observedfrettingdsmageat high

frequenciesunderconditionswherethehighestinterfacetemperatures
areexpecteda.mlfound.

Becausefrettingcorrosionislessinhigh-humidityairthanin dry
air,theviewissupportedthatmoisture(1)decreasesabrasivewearof
theoxidedebrisor (2)decreasestherateofadsorptionorof chemical
reactionofo~genwithiron.Experimentsinwhichhumidifiedpure
nitrogenwassubstitutedfordrynitrogenshowedno acceleratingeffect
ofmoistureonweightloss(tableI). Hence,wateritselfpresumably
willnotreactwithIronintheabsenceof oxygen,”eventhoughmechani-
calactivationenergyissupplied.Thisfactlendssupportto thepos-
sibilitywherewaterisconsideredofperhapshydratingthedebrisand
therebyreducingabrasivewear. Ontheotherhand,adsorbedwatercan
alsobe consideredtoforma filmoflubricantbetweenthecontacting
surfaces,whichiseithera hydrodynamicora boundaryfilm,overwhich
asperitiescanmovewithoutmechanicallyactivatingthereactionbetween
adsorbedoxygenandmetal.Thefirstassumptionascribesmostofthe
effecttothemechanicalfactoroffrettingdmage,whereasthesecond
possibilityleansonthechemicalfactor.Again,moredataareneeded
to differentiateclearlyonefactorfrm theother.

CalculationofReactionRateConstantforfion

Thecoefficients~ and kl of equation(14)containthereaction
rateconstantk/T foroxidationofiron,or foradsorptionof o~gen on
iron,whicheverpredominatesinthefrettingprocess.Thereactionrate.
constantcanbe obtainedfromthevalue k. inequation(14)orfromthe
slopeofthecurveofweightlossagainstreciprocalfrequencyinfig-

ure16. Inthefirstinstance,itis equalto e c1 ~ where

.

‘o= ~.o~x 10-6

therateconstant

or 21.Omg sec-1

(eq. (17)) and ~ = 140,0~psi.‘Inthe-secondinstance,

isequalto Slope where

r
4L 4L—-—
mm mm

for67,$00cyclesreferringto a
apparentcontactareaof1.19squarecentimeters.

Slope= 1.26x103

specimenhavingan

mg rein-l

Afterconvertingthe c
valuefor ~ andtheslopetounitarea, k/T is calculatedequalto

1.4X lo-hg cm-2sec‘1 inthefirstinstanceand1.5x 10-3mg cm-2see-l
inthesecondinstance.Thetwovaluesarein satisfactoryagreementwith
eachother.

. ..—— — __—
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Precisedatafortheinitialoxidation
atromntemperaturehavenotbeenre~orted.
overseveraldsysforhydrogen-reducediron

NACATN 3029

rateofa cleanironsurface
.

Datafortherateextending
exposedtoairatrocmtem- .

perature(20°C) havebeenpresentedingraphicslformbyWinterbottom
(ref.27)whoemployedan opticalpolarized-lightmethod.Tammannand
K6ster(ref.21)reporteddataforpolishedspecimensexposedseveral
minutesative250°C,usinginterferencecolorsas a measureofoxide
thickness. ThedataofbothWinterbottmand‘TamamnandK6sterfollow
theequation:

X = k loge;+1

where X isthethidmessoftheoxddefilm
timete~formedin t seconds.Onthebasis

in
of

angstromunits
Winterbottom’s

(i0-8 cen-
data,

k has‘theappro-te value3.3A,M T -es ~th eachofthe-three
reportedrunsfrom2.6to10.4seconds.Forhisexperiment26,thedata
forwhichseemthemostreliableofthreeruns, T eq~ 2.6seconds
and,therefore,k/T isequalto 1.3A persecond.Tsmnann,whose
valuesof T arethesameforalltemperatures,reportedan extrapolated
valueof k/T atl~”C eqyalto 27,120A perminuteor 450A persecond
foran equivalentairfilm. Onthebasisthat Fe304 (indexofrefrac-
tion,2.5(ref.2’T),anddensity,5.18)isthefilmsubstance,aswas
assumedtobe reasonablebyWinterbottan,k/T= 18oA persecond,or

6.7x 10-3W Fe CM-2see-lfor~’s data,andthecorresp~~~
valueforWinterbottmn’s-&tais 0.05x 10-3mg Fe an-2 ‘l. Thesesec
twovaluesarenotinagreementwitheachother,~ itmorefifficflt “
to evaluatek/T obtainedfromfrettingdataintermsofwhatmightbe
expected.Sincefrettingactionon oneoftwosurfacessubjecttorela- .
tiveslipoccursontheaveragehalfthetime(compactedoxideslipson
onlyonespecimensurface),thevalueofthereactionrateconstantfrom
presentfrettingmeasurementsshouldbemultipliedby a factorintheorder
of 2,makingthevalueapproximate~2.9x 10-3.Thisvalueis roughly0.4
oftheTamannvalueand58timestheWinterbottomvalue.Thecloseagee-.
mentwithTammann’svalueextrapolatedfromabove-room-temperaturedata
suggeststhata cleanironsurfaceatroomtemperatureoxlilizesdirec’tly
ratherthanfirstatiorbinggaswhichlaterreactsto oxidebymechanical
activation.However,thisconclusionisnotcertain,foronereason
becauseofdoubtintroducedby theextrapolationandby someuncertainty
concerningtheabsolutevaluesofoxidethicknessmeasuredby the
interference-colortechnique(ref.31).IfWinterbottom’svalue,which
doesnotinvolveanextrapoktion,is.takenascorrect,thelowervalue
of k/T comparedwiththefretting-datavaluesupportstheviewthatthe
mechanismoffrettingactuallyinvolvesgasadso@ion ratherthandirect
oxidation,sincetheformerprocessisinitiallyveryrapid,asIangmuir
(ref.32)andAmnbrusterandAustin(ref.28)reported.Thepremiseis
lesslikelythat k/T fromthefrettingdataexceedstheobservedfilm

.

.—
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growthratebecauseofthehighsurfacetemperaturesofthefretted
specimens.Thisatfirstappearstobe a distinctpossibility,evenif
thetemperaturesachievedarenotsufficienttoproducethehigh-
temperatureoxideFe304.Butlessobservedfrettingdamageathigh
frequencieswhereinterfacetemperaturesarehigherthanthoseat low
frequenciesisa strongargumentopposingthisassumption.Thegas”-
adsorptionmechanism,ontheotherhand,isinaccordwiththeobse~d
frequencyeffectandis,furthermore,givenweightby thefactthatthe
calculatedsmountof o~genremovedfromthesurfacecorrespondingto
thechemicalfactorofequstion(17)fdreachcycleoffrettingaction
islessthana monolayer.Theamountofironoxidizedthroughfretting

at a loadof5,300psiis calculatedas2.7x 10-5mg inn-2cyc~e-1

averagedoverallthespech?nsurface,whichcorrespondsto
1.2x 10-5mg o~gen cm-2cycle-l(assWng Fe203 asthereaction
product).A close-packedmonolayerof chemisorbedoxygenatomsof
covalentradius0.7A,ontheotherhand,is e@*ent to 16x 10-5%

-2o~gen cm .

Itappearsfromthesecomparisonsthatthereactionrateconstant
forironcalculatedfrmuthe’frettimgdataisnotanunreasonablevalue
and,accordingly,theproposedmodelforfrettingactionisplausibly
inlinewiththefactsavailablesofar. Theproposedmodelsndthe
presentdatadonotprovidesupportforEIWiMnson’smolecularattrition
theory.@&3ationofmetaUicparticlesaftertheyaredislodgedfrom
themetal,forexample,wouldnotgiveriseto a frequencyeffectas is
observed.Alternatively,thedescribedmodel.isinbetteragreement
withtheviewofFinkandHoflnannthatotideformsonthemetalsurface
asa resultofrelativeslip.Butthedatadonotindicatethatthe
formationofactivechemicalsitesonthesurfacethroughmechanical
disturbanceofthemetalisa majorcotitionofthefrettingprocess,
asthelatterauthorspropose.Thefactssupportonlytheviewthat
frettingactionis oneof continuouslyremovingchemicalreactionprod-
uctsfromthemetalsurface,thesmountsofwhichdependmainlyon
the andload,ccmbinedwithapurelymechanical-wearfactorresulting
inmetallicdebristhatforesin amountsdependinglargelyonload,
slip,andnumberof cycles.Themetallicdebris,inturn,mayfurther
oxidizeby secondaryfrettingaction.

RemedialMeasures

Theproposedmechanismoffrettingcorrosionsuggeststhatremedial
orcontrolmeasuresinordertobe successfulmustdependonreduction
ofboththechemical-andthemechanical-wearfactors.E&Cludingair
fromthemetalinterface,suchasby useofspecialatmospheres,cements,
or elastcnnergaskets,wiIlreducethechemicalfactoroffrettingdamage.
Themechanicalfactoroffrettingwillpersist,however,itsimportance
dependingontheconditionsunderwhichslipoccurs.Butwithrigid
exclusionofairandothersubstancescapableofreactionwiththemetal,

— ._ .—._._.— — —.
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themechanicalwearofmetal.
datashow.Anyreductionof
placeofmetallosswiththe
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mayalsobe reduced,asthepresentnitrogen
thisldndoccursbecauseofmetal.transferin .
formationofmetallic-debrisparticles.the

transferbeingaccmrpamiedby severecold-workingofthes-&faceme&l.
Thefactorsinfluencingmetaltransferhavenotyetbeenevaluated,other
thantheinfluenceof airitself.

Theproposedmechanismoffrettingalsosuggeststhatinterposition
of a substanceattheinterfacethatcanbonditselftothemetalsur-
faceswithgreaterstrengththanit isbondedtoitse~wouldreduce
frettingdsmage.Unlessthesubstanceismetallicanda goodthermsl
conductor,sucha substancemustpresumablyhavegoodhigh-temperature
characteristicsbecaweofthe~gh localtemperaturesgeneratedby
frictioninayoor conductor.Bythesametoken,tliiinternalcoeffi-
cientoffrictionforthesubstanceshouldpreferablybe lowsoasto
reducegenerationofheat. Perhaps,molybdenumstiidewhichhasbeen
showntobe beneficial(ref.4),andisaneffectivehigh-temperature
lubricant,approachestheserequirements.

Ithasbeensuggestedthatonesurfaceoftheinterfacebe made
flexiblethroughuseof certainpl.asticsorrubber.Frettingdamageis
minimizedpresumabl.yby eliminatingrelativeslip.Also,fretting
debrismaypossiblybereducedbyusinga softmetalincombination
witha hardmetal.Itwouldseemfromtheprecedingdiscussionthat
oneshould,inthisinstance,applya loadapproachingtheyieldpres-
sure pm ofthesoftmetal,sincethespacebetweenasperitieswhere
oxhlationoccursistherebyminimized.Shouldthedebrisparticles
becomeembeddedinthesoftmetal,theymay,ofcourse,continueto
acceleratemechanicalwear,butchemicalwearwillbe reducedby the
exclusionofairfroma largefractionofthesurface.

CONCLUD12JGREWYRKS

testmachinehasbeendesignedandbuilttomeasurefretting
quantitativelyundercontrolledexperimentalconditions.Dsmage

ismeasuredlytheweightlossofspecimenssubjectto definedoscilla-
toryslip.Loadcanbe appliedto a~m of27,0~psi,frequencyis
madevsriablebetween56 and3,000cpm,andrelativeslipcsmbe adjusted
betweenO andO.O@ inch.

Dataarereportedformildsteelfrettedagainstitse~. Thehumi~ty
of snibientairwasfoundtobe a sensitivevariablerequiringcontrol,a
factfirstdiscoveredthroughdiscrepanciesofweight-lossdataobtained
inwintercompsredwiththoseobtainedin sinner.l?rettingcorrosionof

.
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mildsteelwaslessinmoistairthanin dryair,theweightlossat
100-percentrelativehtiditybeingonly55to 65percentoftheweight
lossat O-percentrelativehumidity.Becauseofthislargedifference,
furthertestswereconsistentlycarriedoutindriedair. At thesame
time,itwasobservedthatfrettingcorrosionwasappreciablygreater
belowroczntemperaturethanaboveroomtemperature(upto150°C).
Weightlossesof specimensfrettedat 50°C wereapproxhatel.y50percent
or one-halfthelossesat 0°C.

Therateoffrettingcorrosionin airwasfoundtobe constantwith
the afteran initialrun-inperiodduringwhichtheratewastemporarily
higher.Inmoistor drynitrogen,weightlossesweremuchless,although
notzero.Thegreatertherelativeslip,thegreaterthefrettingdamage,
andinthecompleteabsenceof slipthedataindicatethatnoweightloss
occurs● Increasedpressureor loadwasfoundto increasefretting
me. Forlowfrequenciesofoscillationandforthesamenumiberof
cyclesweightlosswasgreaterthanforhighfrequencies.Thefrequency
effectincreasedwithrelativeslip. Innitrogen,thefrequencyeffect
disappeared.

Aretiewofthefactssuggeststhatthemechanismoffretting
corrosionincludesa chemicalfactoranda mechanicalfactor,with
observeddsmageingeneralresultingfrmnthesumofboth. An asperity
rubbingona metalsurfaceis consideredtoproducea trackof clean
metalwhichhmediatelyoxidizesoruponwhichgasrapidlyadsorbs.
Thenextasperitywipesofftheotideorinitiatesreactionofmetal
withadsorbedgastoformoxide,andsoforth.Thisistheso-called
chemicalfactoroffretting.Inaddition,asperitiesdigbelowthe
surfaceto causea certainamountofwearbyweldingor shearingaction
inwhichmetalparticlesaredislodged.Thisisthemechanicalfactor
offretting.Metallicdebrisproducedby frettingisthoughtnotto
oxidizespontaneous~jasTomlinsonproposed,butwte~ to convertp=-
tiallyto ironoxideby secon~ frettingactionofparticlesrubbing
againstthemselvesoradjacentsurfaces.Thisaccountsforthefact
thatFe203hasbeenfoundbyX-raytobe themajorcorrosionproduct
andmet.aldicironispresent,ifat adl,in onlyverysmalJ_smounts.

The
basisof

where W

quantitativeexpressionforfrettingcorrosionderivedonthe
theabovemodelis:

‘total

isthespechen
berof cycles,f ‘isthe

weightloss, L istheload,C is thenwn-
freqwncy,2 istheslip,and ~, kl,

—_.—
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alla~ sreconstants.Thefirsttwotermsrepresentthechemicalfac-
toroffrettingcorrosionandthethirdtermisthemechanicalfactor.
Accordingly,theequationpredictsthatfretting-corrosionweightloss
isa hyperbolicfunctionoffrequency,isparabolicwithload,andis
linearwithnumberof cyclesormsgnitudeof slip.Furthermore,the
termsconcernedwitha frequencyeffectdisappearwhenthechemicalfat-
torissuppressed,asis observedwhenfrettingtestsareconductedin
nitrogen.Theseconclusionsareconfirmedlythepresentlyreported
data. Inaddition,thecalculatedreactionrateconstantforoxidation
ofa freshlyformedironsurfaceobtainedfromfrettingdataisreason-
ableandfallsbetweentwoindependentlyobservedvalues.Inthepresent
experiments,thechemicalor corrosionfactorfallswithin6 to 78per-
centofthetotalobsermdfrettingdamagedependingontheconditions
oftest.Remedialmeasuresareoutlinedinthelightofthedataand
theproposedmechanism.

MassachusettsInstituteofTechnolo&y,
Cambridge,Mass.,February20,1953.
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TABLEI.-EF’FEZTOF MW3TURE INNITROGENAND OXIDEAT THE INTERFACEON FRE?ITINGDAM(3?

L 1~esmre, 5,m0 psi; dip, 0.0036 in. foraira

weight 10Ba of Weight loss of clean

Atmosphere
Frequency, Total clean specimen run specimen run with

c-pm number of cycles with clean apecbm, oxide-coated specimen,
w w

m N2 2)m 67,800 1.8
Moist li2 2,CO0 67,800 1.6

DryN2’ 540 67,8& 1.4
Moist N2 54’0 67,800 2.0

DryN2 * W,ooo 1.2 1.3
Dryair 540 30,0m 4.7 4.9

DryN2 540 203,Uxl 1.9 1.0
Dryair 540 203,4co 10.7 11.4

%em diaplacemnt was sam for ~ measurements, but slip varied with number of
cycles.

I



1

I

I
1
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&essure
‘baa) ,
p8L

5m
l,m
2,033
5,CQ0

5,3@3
3,P0
5Ym
5,W
5,W3
5>W3
5,W3

5,xQ
5,W
5,3@J

5,3@3
5,3m
3,W
5,XQ

TABLE II. - EFKFCTOF ILMD,~, AND FRFQU%N2YON FREITRVGIL%MA13EOF MILD WI!EEZ

[m test of 67,8u0.yde~

Rrequency,
Cps

.9peciraenweigh%10ss,q

mip, Obsemed Calculated
in.

Corrected UncorrectedTotal c~m~ ~c~mw chemical. Mechesd.cal 8
wear, ~cent wear,percent

0.0036 1.3 1.0 1.3 0.79 0.51 61
,lxx 2.2 1.8 2.1 1.1 1.0 52 R
.W.5 3.8 1.5 2.0 43
.ci136 7.5 2:: ?:2 2.1 5.1 w ;:

.cm36 IJ..3 10.3 26.2 20.8 48

.03% 9.8 9.1 10.3 4.9 ;:: 29 ‘:

.ooy5 7.9 6.8 7.6 2.2 5.4

.m% 5.7 4.9 6.8 1.4 ~ 5.4 ; i:

.C@ 4.0 6.3 .9 9.4 10 90

.CwY5 R 3.3 6.0 .58 5.4 7 93
,C@ 6.6 3.2 5.8 .4 5.4

.o@l 32.7 yl.o 54.4 20.8 13.6 61

.C@l 23.0 14.8 15.8 2.2 13.6 14 3

.Ogz 24.2 9.7 14.5 .9 13.6 6 94

.WQ4 1.1 2.8 2.2 .6 78 22

.03% ;:; 6,8

.CK!67
7.6 2.2 5.4 a

15.1 IJ..3 U.2 2.2 10.0 18 G
.Ocg 23.O 14.7 15.8 2.2 13.6 14 86
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Figme 2.-Detailed view of speclmenB in place.
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Figure 7.- Effect of duration of test on fretting of mild steel in dry
air and in nitrogen. Pressuxe, 5,300psi;frequency,fiocm; BliP,
0.0036inch;average temperature,33°C.
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pericdsinair. Pressure,~,300psi;frequency,%0 cpm;slip,
0.0036inch;averagespecimentemperature,33°C;roomtemperature,
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Figure 9,- Effect of temperature on fretting of mild eteel for two test
pericds in dry air. Pressure, 5,300 Psi; frequency, 540 cpm; slip,
0.0036 inch.
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Pressure, 5,300 psi.

,



6
m
E5

0

67, 800 Cycles

m
.

w .
.

500 1,000

Frequency, cpm

1,500 2,000
T
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Figure15.- Idealizedmodelof frettingat a metallicsurface.Asperities
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